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u2r^^ totip °^ ef ^ nlC <W f^ovide a virtually 

EES? ^ eCUr$ ^ f0r ^S^n^cytesand astrocytes f rem ES cells 
tt*e ES all-derived precursor interact with host neurons and efficiently 
source of ceU type^crfic *>matic precursors for neural transplantation. 


Bmbryomc stem ceils derived from the inner 
ceU mass of blastocysts^ embryos arc toti- 
potent cells that cao differentiate into aU tissues 
and cell types (J). Secern discoveries mar ex- 
tend the potential use of ES cells include the 
isolation of ES cells from embryonic human 
('■ ^ (?) and tfcsnspiantation in sheep and mice 
nuclei from mature tissues into enucleated 
oocytes, permitting the generation of ES cells 
from flic same individual (3). Thus, ES cefl 
technology may be the basis of new cell re- 
placement therapies. 

ES cells induced to differentiate in vitro 
give rise to many cell types including hemar 
topotetic precursors, heart and skeletal mus- 
cle, endothelium, and neural cells (4). hi the 
central nervous system, proliferation and dif- 
ferentiation of multipoteniial neural stem 
cells and glial progenitors can be controlled 
by defined factors (S). Here, we show that 
applying this knowledge to ES celts permits 
efficient in vitro generation of precursors for 
oligodendrocytes and astrocytes. Transplant 
studies indicate that oligodendrocyte precur- 
sors myelinate host axons in a variety of 
animal models for myelin diseases (d), sug- 
gesting that these developments in ES cell 
technology could be useful in the clinic. 

To initiate differentiation, ES cells were 
*£gregated to embiyoid bodies and plated in 
a defined medium that favors the survival of 
ES cell- derived neural precursors (Z 8). 
Cells were men passaged and sequentially 


propagated through media coritaining (i) ba- 
sic fibroblast growth factor (FGF2), Qi) 
FGF2 and epidermal growth factor (EOF) 
and (iii) FGF2 and pfctelet-oerrved growth 
fector (PDGV): the latter is a growth factor 
combination known to promote the prolifer- 
ation of glial precursor cells (5). These con- 
ditions yielded an isomorphous population of 
round to bipolar cells with immunojeactivity 
to ftc monoclonal antibody A2B5, which 
recognizes a membrane epitope typically ex- 
pressed in glial precursors (Kg. 1A) (9), 
Upon growth factor withdrawal, the cells dif- 
ferentiated into oligodendrocytes and astro- 
cytes (20). Pour days after withdrawal, 
38.3 ± 5.8% (mean ± SEM of three exper- 
iments) of this population were immunoreac- 
tive to 04, an antibody recognuing oligoden- 


<bocyte-specific glycolipids (J J). Many of 
the cells showed a multipolar morphology 
characteristic for oUgodendrocytes (Fig IB) 
Ai the same time, 35.7 + 6A% of the cells 
expressed the astrocytic marker antigen glial 
fibrillary acidic protein (GPAP) and exhibit- 
ed a flat morphology typical of cultured as- 
trocytes (Kg. IQ, Prolonged growth ractor 
withdrawal for more than 5 days promoted 
further ohgodendroglial differentiation and 
expression of myelin proteins such as T3^ 
cyc^ nncleo^ 3'^r.splKKnestcrase (CNF) 
(72). Cells growing in FGF2/EGF- and TGE2/ 
PMF-cc^ming media could bo frozen and 
thawed without losing their potential for oligo- 
dendroglial and astrocytic differentiatiorx 

To investigate whether ES cell-ocrived 
oligodendrocytes can form myelin in vivo 
cells grown in the presence of FGP2 and 
PDGP were transplanted into the spinal cord 
of l-wcek-old myelin-deficient (md) rats an 
animal model for the hereditary human my- 
elin disorder Pelizaeus-Merzbacher disease 
(t>MD) (IS). Both, PMD patients and md rate 
carry mutations in the X^mked gene encod- 
ing myelin proteolipid protein (PLP) (14). 
Affected md rats succumb to their myelin 
deficiency in tic 4th postnatal week and lack 
PLP-positive myelin. Two weeks after trans- 
plantation of ES cell-oerived precursors into 
the dorsal columns of me spinal cord, numer- 
ous myelin sheaths were found in six of nine 
affected md males (IS). Myelin-formuig do- 
nor cells were not restricted to the implant 
site but had spread in bom longitudinal and 
horizontal directions (Fig. 2A). A Single in- 
jection of 100,000 ceils elicited macroscopi- 
cally visible myelmation across a 3-mm seg- 
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flfr 1- Morphology and 
antigen expression of 
ES ceU-dertved glial 
precursors, (a) Cells 
grown in the presence 
of KGF2 and PDGF 
show imnTuroreactivh 
ty with me A2B5 anti- 
body. (B) Four days af- 
ter growth factor with- 
drawal marry celts as- 
sumed the typical 
multipolar rnorphotogy 
of c%tf ejfcinocyt.es 
and express me ofigo- 
dencfinoglial antigen 04. 
Nate the unlabeled 
cells with a flat, astro- 
cytic phenotype (ar- 
rows). (C) The same 
culture contains nu- 
merous astrocytes ex- 
pressing the astrocyte- 
spoafk intermediate 
filament CFAP* Note 
the unlabeled celts with 
multipolar oligoderv- 
drbgfat morphology 
(arrows}. Irrununofluo- 

re5cent *»d P^se contrast pictures are shown in the 
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Upp er and lower panels, respectively. 
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meat of the dorsal columns. Donor ceii* and 
PLP-posrfive myelin sheaths were also de- 
tected in the spm^ cord gray matter and the 
venttal columns within 2 nan of the in jection 
site. The moose origin of the PUP and GFAP 
«iKTOoreactivity was confirmed by in situ 
faytaiAzanonofimmnuost^ with 
a probe to mouse satellite DNA (tig. 2, B and 
7" Sanitbirt sections showed numerous my- 
c 7 sunwmdhig host axons of differ- 
ent caliber (Fig. 2, t> and E), In some cases 
the planted cells had myelinated more than' 
wur or the ooss-sectioned area of the dorsal 
columns, Lfcon electron nua^copic examina- 
° 1 °V aie ^ formed myelin sheaths dis- 
played a normal periodrary and variable tbick- 
^^^^^scmcwiemydGnationfFig: 
^.bctmrosttotostoligcKle^ia, grafted 
oltgodenorocytes found within the myelinated 
areas had a normal ultrastruetiral appearance 
^ ES ceU-derrved glial precur^TS 
planted mto the neonatal rat spinal cord migrate 
ova several miffimeteis and differentiate into 
myelinating oligo<JcndrocytB a and astrocytes 
^JZ^ ^ requires wide, 

$P^<Wrvery of the donor cells to the nervous 
,' ^ Because neuial precursors transplanted 
- -j the cewfaal ventricles can populate large 
a*eaa of the developing rodent brain (16. 17), 
we performed intraventdcular transplants in 
embryonic day 17(B17) hosts(/i). 

At 3 weeks 

of age, 9 of 15 affected males (obtained after 
tam^lantatiou of 44 embryos) showed PLP- 
Poatve myelin sheaths in a variety of brain 
regions, including cortex and corpus callosum, 
a^or enrnmasnre, hippocampus, tectum 

nM A i^Li tfaltainuS ' ^hypothalamus. 
DNA m situ hybridization conftmed the iden- 
ty of cells expressing PLP (Kg. 3A) and my- 
etm basic protein (MBP, Fig. 3B ) or GPAP 
(F«g. *p> (IS). Although donor cells also incor- 
porated m the bains of unaffected littermates 
endogenous expression ofPLP and MBP pre.' 
ctuded the analysis of donor-derived myelina- 
tionmthese bains. However, double labeling 
of hybridized cells with cell type-specific 
markers confirmed that ES cefl-derived glial 
Pwcm»ns also generate astrocytes and oligo- 
< to *y*£ in the normal rat brain (Kg. 3Q 
. ans, ES cell-derived glial precursor* trans- 
planted mto the ventricle of embryonic hosts 
jrugrate and myelinate axons in rnuhmle host 
regions. 

Our data show that cell type-specific so- 
rtie precursors can be generated from ES 
ceils and used for nervous system repair. 
Since ES cells can be maintained and expand- 
ed m an nndiflerennated state (19), it is pos- 
sible to generate virtually unlimited numbers 
of cells for transplantation. Previous trans- 
plant studies involving ES cell-derived neu- 
raj cells generated without growth factors or 
^retmoic acid treatment were complicated 
by the formation of heterogeneous tissues and 
***nmas (20). We noted no signs of tumor 


gro wth or non-neural tissue' in the transplant 
recite. Although long-term survival stud- 
ies win be necessary to comprehensively ad- 


*tss the safety of ES cell transplantation, our 
Observations suggest thatthe prolonged prop- 
agation m growth factors promoting glial pro- 
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